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Preface

This document presents a state of the art review of modelling methods and tools and methods,
current state of the offshore wind market and outlook, industry standards, a system description
of floating wind turbines, theoretical background and a description of how to model the system
components considering a fully coupled model including drive-train dynamics. The research aims
to provide a framework on how to model floating wind turbines using Multi-body Simulation and
considers the fidelity needed to create a satisfactory model resulting in realistic results when running
the simulations. SIMPACK is especially considered, and an extensive review of previous work is
conducted to create the updated recommendations on model fidelity of the floating wind turbine
components. System components include blades, drive-train, tower, foundation and mooring lines.

I would like to thank Amir R. Nejad for the guidance and continued support through these hard
times. I would also like to thank the faculty for allowing me to submit the thesis. I pray that this
will conclude my time as a student and that the world allows me to see its small miracles again.

The topics are represented in the following order:

• Section 1: Introduction

• Section 2: Theory and Modelling Framework

• Section 3: Standards

• Section 4: Development Trend

• Section 5: Discussion

• Section 6: Conclusion

• Section 7: Further work
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1 Abstract

The master thesis presents the state-of-the-art technologies and development trends of wind tur-
bines. Offshore wind is seen as a promising energy sector in the shift towards renewable energy
sources. DNVs forecast for 2050 shows that offshore wind turbines will contribute to 33 percent
of the global energy supply with floating offshore wind turbines being 4 percent of global energy
supply. To lowering the levelized cost of energy for offshore wind the upscaling of turbine size of sig-
nificance. As of today the operational costs of floating wind farms is 5 times higher than a bottom
fixed offshore wind turbine farms. The requirements for the floating support structure often leads
to twice the amount of steel needed. Increasing the size of the turbine and researching new design
concepts require advanced tools for modeling and analysing the loads on the system components.
A fully coupled multi-body-simulation approach is researched. The approach includes both wind
and wave loads. Various software for modeling and simulation currently available are researched.
The theory required and state-of-the-art on modeling the various system components are presen-
ted. Standards such as the IEC 61400 series and a number of DNV standards are studied to see if
there are gaps between the rules and standards and the current wind turbine development. There
were several gaps as standards were limited to smaller wind turbines. There is however constant
development and new editions are being released by the regulatory bodies. These new editions
include larger floating wind turbines, but might not include standards for vertical axis turbines,
shared anchoring wind turbines and multiple turbines supported by a single floating structure. As
turbine size grows the rotor speed decreases. This makes direct drive generators a valid option
instead of using gearboxes. The gearbox is the drivetrain component with the highest failure rate
and causes most downtime. This is one of the factors that might reduce the operational costs
making floating offshore wind better suited for the future.
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2 Introduction

2.1 Problem description

As the world is moving towards renewable energy solutions floating offshore wind will play a big
role. To have the ability to tackle the challenges the present and future brings it is crucial to have
a broad understanding of the current market and limitations. This report presents the offshore
turbine systems, how to model the system components and some underlying theory, current tools
and approaches used in modeling and analysing floating offshore wind turbines, such as multi-
body-simulation, and an overview of the current regulatory landscape. The results are discussed
and some recommendations are presented.

The transition towards renewable and clean energy sources continues to be a global goal the offshore
wind turbine industry is growing at a rapid pace. Currently there are standards and programs
that can tackle the current situation, but in order to lower the cost of construction and operation
the industry needs to develop. Both in terms of more wind turbines in a wind turbine park, but
also in terms of the size of the wind turbines. Most of the turbines being operated today have
a capacity around 5MW, but there are many plans of larger turbines with capacity of 15MW or
more. This might require different technical solutions to those used today, such as direct drive
power generation. The scaling in size set new requirements to all parts of the offshore wind turbine
systems. It is therefore important to have the right tools and methods to design, model and
analyze a floating offshore wind turbine. This will make it possible to do several design iterations
at a higher pace and helps to avoid costly mistakes. The increase in size of all systems might
also introduce new correlations in modal modes and natural frequencies. To tackle this problem
a multi-body-simulation or MBS can be applied. There are also other approaches applicable and
some of these are presented and discussed. As the global demand for energy increases so does the
competition in creating the supply. A clear regulatory framework is therefore beneficial. Currently
there are standards the has to be followed such as IEC61400 and a number of standards from DNV,
such as DNVGL-ST-0119, DNVGL-ST-0376 and DNVGL-ST-0126. The standards and a further
description is presented in the Standards-section.

2.2 Offshore Wind Outlook

The wind energy industry has been steadily growing for the last 15 years. The majority of installed
power is still on land but there has been a growing interest for offshore wind turbine solutions in
recent years. This can be seen in a European market analysis shown in Figure 1. There is also
a trend for turbines to get larger with turbine power rating reaching more than 10MW, this is
illustrated in Figure 2. The increase in size is mostly by reduction in maintenance and installation
costs (Marsh 2005).
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Figure 1: Wind Energy Cumulative Installed capacity in Europe (Wind Europe 2020)

Figure 2: Evolution of wind turbine size and power output (Pisanò 2019)

The main factors contributing to the interest in offshore and floating installations can be identified
as (derived from Kumar et al. 2016):

• Larger wind turbine sizes can be installed due to easier transport of parts when compared to
on-shore

• The offshore wind conditions have higher velocities and are more stable due to less terrain
shearing effects and turbulence

• There is less resistance from the public regarding disruption of landscapes and noise genera-
tion

• Larger areas available at lower prices

These advantages do not go without some additional challenges, such as:

• More complex system as the floating structure will add more degrees of freedom that can
lead to additional damage to the structure.

• Corrosive environment that will affect the structural integrity of metallic components (tower,
platform and mooring system)

• Difficult access for installation and maintenance dependent on favorable weather conditions
(waves and wind).

• Longer cables required to bring the electricity production back to land

2



The cost of renewable energy sources continues to decline. The global installed offshore wind
capacity was 29 GW in 2019 and will continue to rise to 1,748 GW by 2050. 15 percent of all
offshore wind energy will by then be generated by floating offshore wind turbines (DNV 2022a).

2.3 Current floating Offshore Wind Turbine Projects

The largest current floating offshore wind farm is Hywind Tampen with an installed capacity of 88
MW. There are several other floating offshore wind farms such as WindFloat Atlantic in Portugal
and Kingcardine and Hywind in Scotland. These wind farms are operating showing that the
technology is technically feasible. Other floating wind farms have been pilots proving the design
solutions.

Hywind Scotland has been operational since 2017 and was the worlds first commercial offshore
wind farm and consists of five 6 MW spar type floating turbines with a total capacity of 30 MW.

The following figure illustrates the floating wind status per 2020. The illustration only includes
countries in Europe, but there are also a great number of floating offshore wind farms globally.

Figure 3: Floating wind status per 2020 (DNV 2020)

2.4 Offshore Wind Turbine System Description

The following sections will investigate several aspects for FOWT modelling. First, the various
codes available will be presented for reference (Section 2). Then examples and theory required to
build the model from the bottom up will be presented, this is graphically shown in Figure 4.

3



Figure 4: Diagram of Study Aspects (derived from NREL 2010)

2.4.1 Offshore Wind Turbine Foundation Variations

Most of the existing OWTs are supported by fixed foundation with water depth of less than 30 m
(X. Wang and Li 2020). The most widely used support structure for OWT is the monopile found-
ation. There are however a number of different designs and variations for bottom fixed offshore
wind turbine foundations. Selecting the foundation type is according to the turbine capacity, site
environmental condition and geotechnical investigation. Fixed support structures are currently
used in water depths < 60 m, but can be placed up to water depths of 80 m. As the water depth
increases further the costs of design, construction and installation of the bottom fixed support
structure is the main limitation. Variations of offshore foundations are represented in figure 5.
The foundation design is chosen by two main factors; water depth and soil condition.

Figure 5: Schematic of wind turbine foundations: a. pile foundation (on land); b. gravity found-
ation; c. monopile; d. suction bucket foundation; e. tripod foundation; f. jacket foundation; g.
floating foundation(TLP). (X. Wang and Li 2020)

Several other variations of both grounded and floating foundations is seen in (Igwemezie et al.
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2019). Variations of mooring layout is also presented.

2.4.2 Floating platform

When looking at floating wind turbines, the soil-structure interaction cannot be modelled in the
same fashion. The soil mainly interacts with the anchoring of the mooring system and the floating
structure has a hydrodynamic interaction with the water. As the power production is moved
further ashore where the water depth are > 80 m floating foundations are more suited. The
floating structures raise a series of additional challenges for designers, as structures need to be
evaluated for its stability, floatability and dynamic behavior. The most common types of these
platforms include spar buoys, semi-submersibles and tension-leg-platforms.

The floating support structure consists of the following subsystems

• Structure (floater, platform): maintain buoyancy and structural integrity

• Mooring: connect the floater to the seabed, typically cables or chain

• Anchoring: attach the mooring lines to the seabed

• Electrical cable: transfer the electric power

The main structure must support the wind turbine and transmit loads while maintaining stability
and station-keeping. The floating structure will experience several types of loads listed below.

• Wind-induced loads on the wind turbine rotor;

• Wave-induced loads on the floating structure;

• Ocean current induced loads;

• Weight of floater and wind turbine;

• Accident and fault loads;

• Other incidental loads such as dynamic response of export cable.

There are three major sources of stability for floating platforms (Stewart and Lackner 2013). The
sources used too counter the loads are often a combination of the three, but the dominant one
determines the basic shape of the foundation (Cruz and Atcheson 2016).

• Ballast stabilised: results in slender vertical structure (spar platform), has slow and small
motions from waves, relatively easy to install but require large water depths;

• Buoyancy-stabilised, through hydrostatics: leads to a large surface structure (semi-submersible
platform), suited for more shallow waters and relatively easy installation;

• Mooring-stabilised, through taut lines: leads to a slender highly loaded submerged structure
(tension-moored or tension-leg platform), difficult installation, flexible water depths, small
motions, less material (steel/concrete) requirements.
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Figure 6: Assessment of floating platform classes (Cruz and Atcheson 2016)

Designing wind turbines with high performance requires high-fidelity analysis of the wind turbine
characteristics. The analysis tool should be multi-functional and flexible to ensure that the user
can explore various design details and frameworks. General multi-body modeling tools provides
multidisciplinary method to complicate system modeling, which has made it an inevitable choice
to solve these problems (Xie et al. 2020).

Regardless of the design chosen, the platform systems are designed to prevent excessive pitching
of the turbine due to wind thrust, comply with loads applied (ULS, ALS, FLS), be cost effective
and have a natural period that does not resonate with other parameters such as the rotor rotation
(1P and 3P) and the environmental conditions (waves and wind).

2.4.3 Mooring-system and Anchoring

The mooring lines of a FOWT connects the floating foundation with the seabed in order to keep
the structure in its desired location. There are several ways to design the mooring system, and
chosen design affects how the dynamics of the FOWT is influenced. A brief, general overview of
the mooring system components, based on (Cruz and Atcheson 2016), is presented below. More
detailed descriptions of mooring system components are found in Cruz and Atcheson 2016.

• Mooring line: Chain, wire rope or fibre rope

• Anchor: drag embedment anchor, plate anchor, suction pile, pile and screw anchor, gravity
anchor.

• Clump weight and buoyancy modules.

• Connection equipment and hardware: triplate, shackle, splices.

The number of mooring lines, chosen anchors and layout may greatly depending on floater design.
Some variations are seen in Igwemezie et al. 2019. Catenary moored spar type is the most commonly
used configuration. It consists of a single floating cylindrical spar-buoy moored by catenary cables
(Barooni et al. 2018).
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2.4.4 Blades

The blades are designed to generate aerodynamic lift, which is transformed into electricity by a
generator. The blades are fabricated from composite materials (Willis et al. 2018). The materials
and production of the turbine blades represent a substantial cost component of the levelized cost of
energy for the wind energy. The design is driven by two conflicting demands. One is the demand of
structural capability and the other is aerodynamic efficiency. An increase in blade length increases
the swept rotor area which increases the energy capture. Longer blades means higher structural
loads, which results in more slender blade designs in order to reduce material usage and blade
loads (Willis et al. 2018). New materials and material characterization can offer a meaningful
cost reduction as 50 percent of the cost of a manufactured blade is comprised of materials. The
rotor diameter of global offshore wind turbines is typically 153 meters. Blade manufacturing is
labor-intensive and 30 percent of the cost is labor costs. The following figure shows blade mass,
blade cost and power production as blade length increases.

Figure 7: Blade cost, power production and blade mass as blade length increases. (Willis et al.
2018)

2.4.5 Drivetrain

The drivetrain is comprised of gearboxes, rotors and generators and is the highest cause of reliability
and operational problems for a operating wind turbine. The rotating blades capture the wind power
which is transmitted to the gearbox by the main shaft. The gearbox amplifies the speed so that
the generator can convert the mechanical power into electrical energy. The high loads on the gears
in the gearbox is a frequent cause of mechanical failures. Typically gearboxes cause the longest
downtime per failure, which increases the levelized cost of energy. This is because of the loads and
high number of components such as gears and bearings. To increase the overall system reliability a
reduced number of parts would be beneficial. An option to achieve this is by implementing direct
drive. The following figure shows a typical model of a drivetrain.
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Figure 8: A typical gearbox wind turbine drivetrain. (Taherian Fard et al. 2018)

2.4.6 Tower

The tower support the turbine and present challenges to structural engineers. This is because of
the combination of wind and wave loads derived in typical harsh offshore locations. The tower is
connected to the floating foundation and the nacelle which results in loads due to movement of the
floating support structure, wind, weight of the nacelle and blades and the rotation of the blades. As
the blade length increases the height of the tower increases which introduces new requirements to
the structural design. It is therefore important with improved models for analysing and optimizing
the structural loads the structure has to withstand.

2.5 Resonance Frequency

A problem for FOWT may be that the rotor harmonic clashed with the structural frequencies. The
blade passing frequency(3P) may clash with the frequency of other part which will cause significant
fatigue damage on the tower. As the turbines become larger and rotate slower, a problem can arise
when considering the motion of the floating platform as the resonance 1P may be close to the
motion frequency.
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3 Theory and Modelling Framework

The challenge when modelling a Floating Offshore Wind Turbine (FOWT) is the dynamic multi-
physics environment in which it operates. It requires aero-hydro-servo-elastic simulations with non-
linear forces varying in time. Each code uses a combination of methods, most of which have been
extensively used in more mature industries such as hydrodynamics/mooring systems for offshore
oil and gas, and aerodynamic methods from the aeronautical industry (Matha et al. 2011).

3.1 Simulation Codes

Many of the most popular simulation codes were developed for the design of onshore wind turbine
devices with additional modules for the floating platforms and mooring systems. A summary of
the main codes used today are summarized in Figure 10.

Figure 9: Overview of FOWT Simulation Codes (Cruz and Atcheson 2016)

Each method also has advantages and drawbacks mostly linked to the trade-off between simu-
lation times versus the accuracy of the results. This is particularly true when comparing the
computationally demanding Finite Element Methods (FEM) with rigid bodies. The development
of these codes is also an academic combined effort to advance the FOWT industry. For example,
modules from the NREL (National Renewable Energy Laboratory) FAST (Fatigue, Aerodynamic,
Structures and Turbulence) code such as AeroDyn (Section 3.4) and HydroDyn (Section 3.9) are
extensively used in other codes enabled by the modularization framework (J. Jonkman 2013).

The International Energy Agency (IEA) has conducted a global fixed and floating offshore wind
turbine code comparison collaboration, titled ”Task 30” based on a 5MW reference wind turbine
by NREL (J. Jonkman et al. 2009). The OC3 (2005-2009) and OC4 (2010-2014) projects focused
on verifying and bench-marking some of the aforementioned codes using code-code comparisons.
This contributed to an overall increase in model accuracy (Popko et al. 2018). The OC5 project
then continued the code validation by comparing with physical tank models. The current efforts
(OC6) are being put on further validation based on obtaining real operational data from installed
offshore wind turbines in collaboration with the industry (IEA Wind 2020).

3.2 Coupled vs De-coupled Approach

All the codes presented in the previous section provide coupling between selected loads. For
example, the pitching motion of the platform affected by hydrodynamics forces will affect the
aerodynamic inflow conditions to the rotor blades. Or for instance, the presence of the mooring
lines will affect the stiffness and damping of the platform motions.

There are however very few FOWT models that include the coupling between the external (tower
shadow, wind, waves) and the internal (gear mesh frequency) excitations. These excitations are
typically respectively under 2Hz and above 20Hz.This de-coupling is valid as long as the drivetrain
natural frequencies are higher than the external excitations (Peeters et al. 2006) and makes it
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applicable when considering turbines with high speed gearboxes. A typical de-coupled approach
as described in (Amir Rasekhi Nejad 2018) is shown in the following Figure. In this approach, the
drivetrain is simplified to a two-three mass spring-damper model based on inertia and torsional
stiffness. The global loading is then used as input to a more detailed gearbox model.

Figure 10: Decoupled drivetrain analysis method

On the other hand, there has been a growing interest in direct drives and medium speed gearbox
drives for offshore applications, as the traditional high speed gearboxes have a higher failure rate,
require more maintenance and cause a long downtime in case of failure (DTU Wind Energy Report
2013). When considering slower rotating drivetrains, there is a risk that the low external excitations
frequencies and the internal excitation frequencies interfere with each other causing resonance. This
is one of the motivations for this study.

The drawback of a fully coupled model is that it requires a small time step of around 0.005
seconds to capture the drivetrain dynamics even though 0.1 second would be sufficient to handle
the environmental loads (Amir Rasekhi Nejad 2018). This will lead to much longer simulation
times overall. The modelling approach and additional considerations are provided in Section 3.7.

Other coupling effects include the generator and control system dynamics. Some widely used sim-
ulation tools for these applications include; PSCAD/EMTDC to study the behaviour of electrical
networks including the generator, frequency converter and transformers in transient operations.
SIMULINK/MATLAB are also widely used for electrical system analysis as well as for control
logic. Co-simulation between SIMULINK, PSCAD and the MBS programs presented below allows
to further investigate the coupling effects between various systems within wind turbines (Uski et al.
2004).

3.3 Multi-Body System (MBS) Simulation

A multi-body system is a set of rigid or flexible bodies arranged in space with respect to global
and local coordinate systems (markers). Each body is constrained with a specified number of
degrees of freedom (joints) and interact with the environment or other bodies through the use of
force elements (FE). This fundamental modelling approach is further detailed in (Shabana 2013).
The MBS package that will be used in this study is the general purpose multibody simulation
code SIMPACK developed by (Dassault Systemes 2020). It has wind turbine specific modules
such as rotor blade generation, wind turbine control and interfaces to aerodynamic (AeroDyn)
and hydrodynamic (HydroDyn) codes, this is further discussed in the subsequent sections. These
modules will interact with the model with specific force elements, some dynamics can also be
simplified with the use of spring/damper systems and directly applied forces.
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The other main MBS simulation package on the market is ADAMS by (MSC Software 2020), both
programs are based on the same core principles but there are some differences in the modeling
approach. For example, in ADAMS all bodies are imported with 6 Degrees Of Freedom (DOF)
and the constraints are determined by mathematical relationships to other DOF.

In SIMPACK, the user chooses the number of DOF required to describe the system (Blundell and
Harty 2015). This ensures that no unnecessary constraints are being solved leading to a more
efficient set of equations but requires correct engineering judgement in their selection.

The general calculation method within SIMPACK can be described as following, derived from
(Rulka 1990) and similar to the equations of motion presented in the current SIMPACK docu-
mentation. For a given state, the formalism is given as:

• The second derivative of the positional coordinated: z̈ = g1(ż, z, t)

• The constraining forces and torques of the joint: fz = g2(ż, z, t)

• The applied forces and torques: ẋ = g3(x, ż, z, t)

• Intermediate values of the laws of force for the applied forces

• Kinematic relative measurements (sensors for position, speed and acceleration)

The nonlinear equations are then linearized around a given state and/or a given initial position
and initial speed. The eigenvalues and eigenvectors of the linear system matrix are calculated.

Lastly, a time-step integration is carried out to find solutions to the equations. The user can
choose between several solvers. The default integrator is the SODASRT-2, it is recommended for
the vast majority of cases due to being fast, accurate, robust and able to start from extreme non-
equilibrium situations. It is a Backward Differentiation Formula (BDF) integrator that is suited
for first and second order systems with positive damping. Instability can occur if the model is
negatively damped or with higher order with low damping (Simpack 2020d)

The system can be time integrated in real time to get a visual representation of the system dynamics
and can be ran offline in order to record the kinematics and kinetics that can be analyzed with the
use of graphics.

Previous studies regarding the simulation of fixed and floating wind turbines using MBS methods
include:

• (Beyer et al. 2013), in this article it was shown that SIMPACK coupled with HydroDyn
showed that the platform motions caused by a decay test were similar to more advanced
CFD results.

• (Withee 2004) used the MBS package ADAMS combined with AeroDyn for aerodynamics
and a custom algorithm for hydrodynamic forces to make a coupled model of a wind turbine.
This study focuses on the design aspect of the turbine and floater based on decay tests in
the time domain. The model did not consider the drivetrain or control systems.

• (Uski et al. 2004) used ADAMS (MBS with AeroDYn) for the mechanics (blades, tower, driv-
etrain) combined with Matlab/Simulink models/codes for the control system and generator
operations. Additional electrical components were modeled in PSCAS/EMTDC. The focus
of this project was to provide a global approach to the wind turbine system. It is however
unclear how the MBS model was set up and was only done for a fixed speed wind turbine.

• (Xie et al. 2020) developed a coupled model including gearbox dynamics coupled with BEM
for aerodynamics and soil-structure interaction for a bottom fixed turbine. The results of
this study are further discussed in the next Section.

One clear advantage of MBS modelling is the fast computation speeds when compared to FEM
models but FEM models can achieve higher levels of accuracy for local stresses in materials (Christl
et al. 2015). There are however some approaches that allow to combine the strengths of various
methods such as gear meshing in SIMPACK as will be discussed in Section 3.7.
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3.4 Aerodynamics

The aerodynamic interaction between the wind and the rotor is the underlying principle for the
electricity production for any wind turbine. The additional degrees of freedom for a FOWT do
however add to the complexity of these calculations. The aerodynamic module used in Simpack is
”AeroDyn v. 15.” and is based on the OpenFast code by (NREL 2020). The version used in this
paper is based on the quasi-static BEM method as presented in Section 3.4.4.

3.4.1 Basic Aerodynamics

3.4.2 Momentum Theory

The most basic approach is to consider the turbine as an infinite disk in a one dimension ideal
control volume (as shown in figure 11) and apply conservation of mass, momentum and Bernoulli’s’
equation on both sides of the pressure drop. The maximum power that can be extracted then
becomes:

Pmax =
1

2
CpρAv

3
0 (1)

CP = 4a(1− a)2, a =
v0 − va
v0

⇒ CPmax
=

16

27
≈ 59.3% (2)

Where; ρ is the density of the air, A is the rotor swept area, v0 is the incoming wind speed, Cp
the power coefficient and a the axial induction factor. The maximum power coefficient is called
the Betz limit.

Figure 11: 1D Momentum Theory Diagram

3.4.3 Wake rotation

The torque exerted by the blades will cause the wake to rotate (eddies generation). By introducing
a tangential induction factor:

a′ =
ω

2Ω
(3)

Where ω is the angular velocity of the free stream and Ω is the angular velocity of the rotor. The
thrust and torque can then be calculated by integrating over an annulus (∆r) as shown in the
figure below.
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Figure 12: Annular Plane

The expressions used for thrust and torque, as well as the power obtained by the product of the
torque and rotor angular velocity can be expressed as:

∆TMA = 4a(1− a)
1

2
ρv02πr∆r (4)

∆QMA = 4a′(1− a)
1

2
ρv0Ω2πr∆r (5)

∆P = ΩdQ (6)

We can also introduce another important parameter called the Tip Speed Ratio (TSR) as a function
of the outer rotor radius R. As well as its local equivalent tsr.

TSR =
RΩ

v0
(7)

tsr =
rΩ

v0
(8)

3.4.4 Blade Element Momentum (BEM) Method

3.4.5 Background

The BEM method is based upon the momentum analysis for axial and tangential flow presented
above combined with the aerodynamic behaviour of a finite number of blades. We can express lift
and drag forces respectively as following:

∆~L =
1

2
Clρ~V

2c∆r, ~L ‖ ~V (9)

∆ ~D =
1

2
Cdρ~V

2c∆r, ~D ⊥ ~V (10)

Where; ∆r are span elements, c is the chord length of the blade element and ~V is the incoming
flow velocity. Cl and Cd are the lift and drag coefficients, they are a function of the angle of
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attack α and the Reynolds number Re. Typically, their values are calculated from wind tunnel
measurement or computations on 2D airfoils.

The inflow velocity (VTotal) will be a combination of the incoming wind, the rotor rotation and
both axial and radial induction factors. The angle φ will be dependent on the angle of attack as
well as the blade pitch angle. It is expressed as φ = α+ β. This can be seen in Figures 13. Figure
14 shows the aerodynamic forces acting on the blade based on air friction and circulation.

Figure 13: Blade Kinematics
Figure 14: Blade Kinetics

Equations for thrust and torque can be written as following where the subscript BE stands for
Blade Element. These will be dependent on the inflow angle φ expressed as a function of TSR and
both axial and tangential induction factors.

∆TBE = B(Lcosφ+Dsinφ)∆r (11)

∆QBE = B(Lsinφ−Dcosφ)r∆r (12)

tanφ =
1− a

(1 + a′)tsr
(13)

A typical iterative algorithm as presented in (E. Bachynski 2020) can then be used to find a
solution:

1. Guess starting values for a and a′.

2. Calculate φ and consequently α, Cl, and Cd.

3. Update a and a′

4. Check for convergence within a given tolerance, if not, repeat (starting from the updated
values).

3.4.6 Correction Factors

Some engineering correction models are required to account for additional effects when using the
BEM method. These are based on empirical or semi-empirical models. The equation in this section
were taken from the theory manual for AeroDyn (Moriarty and Hansen 2005).

Firstly, there is a tip loss effect where the air tends to flow from the lower to the upper side
of the blades around the tip based on the pressure gradient. This leads to a loss of aerodynamic
forces. This is accounted by the Prandtl correction factor to the velocity field:

F =
2

π
cos−1

[
exp

(
−B

2

R− r
rsinφ

)]
(14)
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The second correction factor is related to the hub-loss model. This accounts for the vortexes
being shed near the hub of the motor. It is implemented in the same manner as the tip-loss effect
with the following formulation:

F =
2

π
cos−1

[
exp

(
−B

2

r −Rhub
rsinφ

)]
(15)

The momentum method is not valid for axial induction factors superior to 0.5 (turbulent wake
state). This would cause the far wake to have a negative velocity. The Glauert correction for
large induction factors is therefore used to account for this as can be seen in Figure 15. It can
be expressed as:

a =
8

9
+

(
4F − 40

9

)
a+

(
50

9
− 4F

)
a2 (16)

Figure 15: Glauert Correction for F=1

A skewed wake correction is implemented in Aerodyn as shown below to consider the effects of
incoming flow that is not perpendicular to the rotor plane. Where, ψ is defined as the azimuth
angle of the rotor based on tilt and yaw, and χ is the wake angle leaving the turbine.

askew = a

[
1 +

15π

32

r

R
tan

χ

2
cosψ

]
(17)

Dynamic stall, due to the sudden attachment and re-attachment of the flow on the blades for
dynamic incoming wind, is accounted for using the Beddoes-Leishman model (Leishman and Bed-
does 1989). Is it based on an indicial response function to model the time variation in the force
coefficients after a step change in angle of attack. It is a semi-empirical model for the circulatory
component of the lift. In AeroDyn v.15, it is an Unsteady Aerodynamic (UA) model that accounts
for these effects.

Dynamic wake is not currently supported by the Aerodyn BEM module. This correction accounts
for the lag in induced velocities (mostly for high induction factors ie. low wind speeds). In addition,
a Generalized Dynamic Wake (GDW) solver based on potential methods is also being developed
(J. M. Jonkman et al. 2015). For large turbines it is advised to use the Free Vortex Wake (FVW)
method named cOnvecting LAgragian Filaments (OLAF) which inherently models the effects of
dynamic inflow skewed wake, tip losses and ground effects (NREL 2020).
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3.4.7 Tower Influence

The tower will be exposed to the wind flow causing drag on the structure in addition to affecting
the flow around the structure. This is important as the blades will pass through this field at 3-p
frequency. In effect, the flow will tend to accelerate at the sides of the tower and cause cross
stream velocities near the incoming flow field. A potential flow model is used to calculate the
tower influence based on work from (Bak et al. 2001). The component affecting the blades is titled
the upwind tower dam effect for an upwind turbine.

u = 1− (x+ 0.1)2 − y2

((x+ 0.1)2 + y2)2)
+
Cd
2π

x+ 0.1

(x+ 0.1)2 + y2
(18)

v = 2
(x+ 0.1)y

((x+ 0.1)2 + y2)2)
+
Cd
2π

y

(x+ 0.1)2 + y2
(19)

Where, u and v are horizontal wind velocity components in the x and y direction as shown in
Figure 16 and Cd is the drag coefficient. This model

Figure 16: Tower Shadow

The aerodynamic load on the tower is calculated based on the drag forces dictated by the flow
conditions and the geometry along the tower in a quasi-static calculation which is independent
from the tower flow influence model presented above.

3.4.8 Wind Input

The wind input is crucial for the calculation of the aerodynamic forces. The wind data can
be defined from simple ”hub-height” wind files or from ”full-field” files that contain turbulent
components at points on a grid. Both cases are time-dependent and can be derived from simulations
or measurements.

The ”hub-height” wind files are defined by; hub-height wind speed and direction, vertical and
horizontal wind shear coefficients, a vertical wind component, and a gust velocity. If the file has
multiple data lines, linear interpolation in time is used.

Full-field wind data can be generated by the NREL TurbSim code (B. Jonkman and Jr 2007). It
generates an array containing all three velocity components at each point on a square grid covering
the rotor area and tower. These winds are typically sampled at 20 Hz. Again, linear interpolation
in time and space is used to get the velocity components for the blade elements.

Various wind inputs can be used to simulate short term wind response for gusts and/or direction
changes. Long term conditions can be represented by statistical distributions. This is typically
used to determine which conditions most contribute to fatigue damage and power production.
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3.4.9 AeroDyn in Simpack

In Simpack, the AeroDyn module labeled force element (237), it is based on the v1.0.0 version of
OpenFAST. Some of the functionalities previously presented are for the latest version of OpenFAST
and are therefore not guaranteed to be compatible within SIMPACK. AeroDyn is controlled by an
input file that allows to choose between several options for induction and aerodynamic calculations
as well as setting the environmental conditions the turbine operates in.

AeroDyn communicates the forces and torques acting on the rotorblades and tower to SIMPACK.
These are applied at the aerodynamic markers defined during the model setup. These forces are
based on the aerodynamic response to the wind file as described in the previous section. The
communication interval between SIMPACK and AeroDyn is to be set as a discrete time step
(Simpack 2020c).

The markers needed for the interface in Simpack are;

• Inertial Reference Marker: fixed with respect to the un-deflected tower center-line. xy plane
is the water and z direction is vertically upwards. The X axis is downwind.

• Hub Markers: located on the hub body and rotates with the rotor

• Blade Root Markers: located on the blade bodies and pitches with the blades.

• Aerodynamic Marker: along the blades and tower required to design positions, velocities and
orientations to AeroDyn.

3.4.10 Wind Turbine Control

A controller is required to ensure the wind turbine is operating at maximum efficiency below rated
wind speed and at a constant torque thereafter. For larger turbines, this is achieved using blade
pitch controller which adjust the pitch of the blades in order to control the output based on the
aerodynamic behaviour of the blades. Such a system is also essential in order to park the turbine
in winds outside of the design envelope. A typical graph showing various parameters is shown in
Figure 17. As we can observe, the pitching is activated at rated wind speed (around 12 m/s), this
causes the rotor speed and therefore power to be stabilized. The thrust which will cause surge and
pitching of the platform is also shown in green.

Figure 17: Typical FOWT Operation

In SIMPACK, the control system can be achieved by using a dedicated wind turbine control
interface integrating standard Wind Turbine DLL’s (ie. GH Bladed).
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3.5 Rotor Blade Generation

The rotor blade generation is achieved by using standard input data common within the wind
turbine industry. These specifications are then used by the SIMBEAM module that convert them
to a flexible body (Simpack 2020c). We can see an example of this in Figure 21, the data provides
the cross section of the blade at a given interval and SIMBEAM will generate the flexible beam
elements between these nodes.

Figure 18: Rotorblade Generation in SIMPACK

3.6 Structural Mechanics

The wind turbine structure consists of a tower (attached to the platform), a nacelle, rotor and the
blades. Modelling the loads on these components is essential to ensure that the turbine design is
capable of sustaining structural loads during operation. These loads can be classified in several
categories:

1. Accidental Limit State (ALS): The system shall withstand the maximum applied loads for a
given design life in normal operation

2. Ultimate Limit State (ULS): In case of an abnormal event or extreme loading or fault case,
the system shall not lose its integrity. For example, installing a weak link.

3. Fatigue Limit State (FLS): The system shall not fail under fatigue loadings in the design life

3.6.1 Flexible Bodies

The flexible bodies are generated using Finite Element Methods (FEM) allowing to include de-
formations of components. This is paramount for modelling the composite material wind turbine
blades which experience significant deflections. A rigid body model does not provide enough in-
formation for structural strength analysis (Cruz and Atcheson 2016). A general description of the
structural dynamics equation for Finite Element Analysis (FEA) can be expressed as:

Mg
~̈D + Bg

~̇D + ~Rint = ~Rext (20)
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~Rint = Kg
~D (21)

Where, Mg is the element mass, Bg is the damping matrix, Kg is the stiffness matrix and ~D
is the system displacement vector. The stiffness matrix is not always linear due to geometrical
nonlinearities (large deflections of the blades) and material nonlinearities. The element stiffness
and mass matrices are defined based on the material properties.

FEM models can be generated internally in SIMPACK using the SIMBEAM module or imported
from an external FEM software such as Abaqus (Simpack - Simulia 2020). As the name suggests,
SIMBEAM is based on beam element theory. The finite elements can be of the various types as
listed below.

• Rigid massless: only the kinematics of the element is applied

• Rigid with mass: with mass properties

• Euler-Bernoulli: Flexible beam element that does not include shear effects (underpredicts
deflections and overpredicts eigenfrequencies)

• Timoshenko: Flexible beam element that includes shear strain and rotational inertia

Note that each node has 6 DOF and that the beams are always connected between two nodes.

If we define the dimensions of a beam: l is the length and d is a typical cross-section. Then the
recommended flexible beam method can be defined as:

l

d
> 10→ Euler −Bernoulli, (22)

10 >
l

d
> 5→ Timoshenko (23)

A modal representation of the beams is then derived from the FEM model, an example of the
first mode of a flexible wind turbine blade is shown in Figure 26 with a scaling factor of 2 for
visualization.

Figure 19: Blade Mode 1

The effect of the flexible bodies on the equations of motion is updated following the procedure shown
in Figure 27. This mode shape approach is also used in the FAST code, it is a computationally
efficient method with reasonable accuracy if the modes are well defined (Cruz and Atcheson 2016).
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Figure 20: SIMPACK EOM Update Process (Simpack 2020e)

3.6.2 Structural Stresses

The structural calculations provide the forces acting on various parts of the system that can be
used to derive the material stresses. The structural loads are a combination of static (gravity,
buoyancy) and dynamic (wind, wave) loads. From time-varying analysis we can use stress cycle
counting methods such as rain flow counting to determine the remaining life based on the Palmgren-
Miner linear damage hypothesis (Veers 2011). The governing equations are:

N = K ∗ S−m (24)

n∑
i=1

ni
Ni

6 1 (25)

Where, N is the number of cycles tolerated before failure, S is the stress range, and K and m are
material properties from testing. D = 1 represents the failure of the component, ni is the number
of stress cycles associated with si and Ni is the number of cycles the material can tolerate at si.
This would constitute the FLS assessment.

For the ULS, the stresses are calculated and compared to material properties under the most
extreme operating conditions. If more detail is required for certain known weak links of the
structure. A detailed FEA model can be set up in order to identify any stress concentration points
such as welds or geometry changes.

3.6.3 Rotor Blade Generation

The rotor blade generation is achieved by using standard input data common within the wind
turbine industry. These specifications are then used by the SIMBEAM module that convert them
to a flexible body (Simpack 2020c). We can see an example of this in Figure 21, the data provides
the cross section of the blade at a given interval and SIMBEAM will generate the flexible beam
elements between these nodes.
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Figure 21: Rotorblade Generation in SIMPACK

3.7 Drivetrain Mechanics

The drivetrain of a wind turbine allows to transfer the kinetic wind energy to electrical power in
the generator. It comprises all components such as: the shafts, gears, bearings, couplings and
support structure present in the nacelle. The three main gearbox arrangements used today are:

3.7.1 Gearbox

• High speed gearboxes, these have gear ratios of around 1/100. This means that the output
shaft angular velocity is 100 times larges than the rotor angular velocity. They represented
the vast majority (85%) of drivetrain topology in 2011 (A. Ragheb and M. Ragheb 2010).
A typical arrangement consists of 2 planetary gearbox stages and one parallel gear stage.
The planetary gearboxes are widely used due to their compactness and price efficiency. The
spur gears are easy to manufacture but can cause more noise pollution (Amir Rasekhi Nejad
2018).

• Direct drive, where the rotor is directly coupled to a large generator with numerous electro-
magnetic poles. The advantage of this design is the reduction of moving parts but can be
more voluminous and heavy.

• Medium drive, a compromise between the two aforementioned options. The generator is
made bigger but kept compact by the use of a gearbox with 1/10 ratio.

The power efficiency of the wind turbine gearbox can be estimated based on the power losses for
planetary and parallel stages, respectively 1 and 2% (Hau 2006)

MBS software is well suited for the modelling of wind turbine drivetrains. In SIMPACK the gear
bodies (rigid or flexible) can be generated based on their standard involute gear parameters through
a dedicated gear modelling interface (body type 25). The contact force between the gears is then
achieved through a dedicated force element (FE:225). For rigid bodies, the gears are coupled with
a typical spring-damper combination to calculate the contact forces. A backlash element is put in
series to the spring to account for the unilateral contact (Ziegler and Eberhard 2011). There are
several additional options to model with flexible teeth and/or bodies (Simpack 2020a), this can for
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example be used to represent flexible ring gears for load sharing (Stoeckicht design). In addition
to this, the number of degrees of freedom of the gear joints can be changed to model flexible planet
gear pins (Hicks design) and floating sun gear designs.

An example of a MBS gearbox model made in SIMPACK for the 5MW NREL reference turbine is
shown in Figure 22 (Amir Rasekhi Nejad, Guo et al. 2016). A similar model was also developed
for the 10MW DTU reference turbine (S. Wang, Amir R Nejad and Torgeir Moan 2019). Another
iteration of a reference gearbox was also modelled by (Xie et al. 2020), the associated gearbox
topology is shown in Figure 23.

Figure 22: 5MW High Speed Gearbox MBS Model Graphical Representation

Figure 23: 5MW High Speed Gearbox MBS Model Topology

The simulation output forces acting on the gears can be used to derive the stresses acting on the
gear teeth. The fatigue analysis is mostly focused on stresses acting at the teeth root and the
surface pitting stress (Amir Rasekhi Nejad 2018). FEM methods can be used to determined the
maximum stresses or empirical methods as described in ISO 6336-2 and 6336-3 respectively for
pitting and tooth bending stress.

3.7.2 Bearings

The bearings can be represented by a force elements (FE:43) that provide stiffness and damping in
specified directions. The force-deflection relationship in bearings was investigated by (Xing 2013)
and is graphically shown in Figure 24. The use of expressions in SIMPACK allow to include these
non-linear effects (Simpack 2020b). The stiffness parameters are input as shown in the matrix in
Figure 25. The damping in rolling elements is usually negligible but necessary for the stability of
the MBS model. Based on previous studies, values between 0.25 and 2.5% can be used to this
effect (Krämer 1993).
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Figure 24: Force-deflection relation in bearings

Figure 25: Bearing Stiffness Matrix

By analysing the applied loads on these components, a fatigue analysis can be conducted based on
empirical formulas developed by Lundberg and Palmgren in the 1960’s. These are the equations
used in the wind turbine standard IEC 61400-4.

L = (
C

P
)a (26)

P = XFradial + Y Faxial (27)

Where, L is the bearing life which represents the number of cycles required for fatigue damage to
appear for 90% of an identical group of bearings. C is the basic load rating and parameter a is set
to 3 for ball bearings and 10

3 for roller bearings. P is the dynamic equivalent radial load from the
displacement in X and Y and corresponding forces.

3.7.3 Additional Considerations

Additional work on the model includes the assessment of a flexible bed-plate (S. Wang, Amir R
Nejad, Erin E Bachynski et al. 2020) supporting the drivetrain for a FOWT. This study concluded
that loads on bearings inside the gearbox were increased while the main bearing loads were de-
creased. It also showed that the bedplate flexibility makes the gearbox resonant response larger
compared to a rigid bedplate.

Some geometrical imperfections related to manufacturing defects and tolerances can also be simu-
lated. These can be classified in four categories: tooth profile deviations, backlash, misalignment
and mesh phasing. These effects can be modelled in MBS software, where the effect with the
highest defective impact was found to be misalignment which increases contact stress and/or cause
edge contacts (Amir Rasekhi Nejad, Torgeir Moan et al. 2012). Having a flexible and floating sun
gear can mitigate these misalignment issues and should be considered (Amir Rasekhi Nejad, Xing
et al. 2015).

Lastly, the possibility of using land based wind turbine gearboxes in floating wind turbine should
can be considered. Studies on the 5MW reference turbine mentioned previously on a multitude
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several type of platforms showed that the main bearing carrying axial loads experiences more
damage in floating conditions. Other bearings were however found to perform equally or better
than on land based conditions (Amir Rasekhi Nejad, Erin E. Bachynski et al. 2015).

3.8 Structural Mechanics

The wind turbine structure consists of a tower (attached to the platform), a nacelle, rotor and the
blades. Modelling the loads on these components is essential to ensure that the turbine design is
capable of sustaining structural loads during operation. These loads can be classified in several
categories:

1. Accidental Limit State (ALS): The system shall withstand the maximum applied loads for a
given design life in normal operation

2. Ultimate Limit State (ULS): In case of an abnormal event or extreme loading or fault case,
the system shall not lose its integrity. For example, installing a weak link.

3. Fatigue Limit State (FLS): The system shall not fail under fatigue loadings in the design life

3.8.1 Flexible Bodies

The flexible bodies are generated using Finite Element Methods (FEM) allowing to include de-
formations of components. This is paramount for modelling the composite material wind turbine
blades which experience significant deflections. A rigid body model does not provide enough in-
formation for structural strength analysis (Cruz and Atcheson 2016). A general description of the
structural dynamics equation for Finite Element Analysis (FEA) can be expressed as:

Mg
~̈D + Bg

~̇D + ~Rint = ~Rext (28)

~Rint = Kg
~D (29)

Where, Mg is the element mass, Bg is the damping matrix, Kg is the stiffness matrix and ~D
is the system displacement vector. The stiffness matrix is not always linear due to geometrical
nonlinearities (large deflections of the blades) and material nonlinearities. The element stiffness
and mass matrices are defined based on the material properties.

FEM models can be generated internally in SIMPACK using the SIMBEAM module or imported
from an external FEM software such as Abaqus (Simpack - Simulia 2020). As the name suggests,
SIMBEAM is based on beam element theory. The finite elements can be of the various types as
listed below.

• Rigid massless: only the kinematics of the element is applied

• Rigid with mass: with mass properties

• Euler-Bernoulli: Flexible beam element that does not include shear effects (underpredicts
deflections and overpredicts eigenfrequencies)

• Timoshenko: Flexible beam element that includes shear strain and rotational inertia

Note that each node has 6 DOF and that the beams are always connected between two nodes.
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If we define the dimensions of a beam: l is the length and d is a typical cross-section. Then the
recommended flexible beam method can be defined as:

l

d
> 10→ Euler −Bernoulli, (30)

10 >
l

d
> 5→ Timoshenko (31)

A modal representation of the beams is then derived from the FEM model, an example of the
first mode of a flexible wind turbine blade is shown in Figure 26 with a scaling factor of 2 for
visualization.

Figure 26: Blade Mode 1

The effect of the flexible bodies on the equations of motion is updated following the procedure shown
in Figure 27. This mode shape approach is also used in the FAST code, it is a computationally
efficient method with reasonable accuracy if the modes are well defined (Cruz and Atcheson 2016).

Figure 27: SIMPACK EOM Update Process (Simpack 2020e)
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3.8.2 Structural Stresses

The structural calculations provide the forces acting on various parts of the system that can be
used to derive the material stresses. The structural loads are a combination of static (gravity,
buoyancy) and dynamic (wind, wave) loads. From time-varying analysis we can use stress cycle
counting methods such as rain flow counting to determine the remaining life based on the Palmgren-
Miner linear damage hypothesis (Veers 2011). The governing equations are:

N = K ∗ S−m (32)

n∑
i=1

ni
Ni

6 1 (33)

Where, N is the number of cycles tolerated before failure, S is the stress range, and K and m are
material properties from testing. D = 1 represents the failure of the component, ni is the number
of stress cycles associated with si and Ni is the number of cycles the material can tolerate at si.
This would constitute the FLS assessment.

For the ULS, the stresses are calculated and compared to material properties under the most
extreme operating conditions. If more detail is required for certain known weak links of the
structure. A detailed FEA model can be set up in order to identify any stress concentration points
such as welds or geometry changes.

3.9 Hydrodynamics

There are several considerations that need to be made when assessing the hydrodynamics of the
FOWT system. Among these are station-keeping, stability, wave loads, current loads, damping.

3.9.1 Stability

The buoyancy was discovered by Archimedes. It says that there is a force balance between the
structure weight and buoyancy force. When modelling the buoyancy of large volume structures it
is calculated from the wet surface of the structure. This is done by the radiation/diffraction model.

3.9.2 Airy wave theory

Linear (or Airy) wave theory is the simplest wave theory for simulating linear regular wave. The
elevation of linear regular wave surface can be shown as:

ηLR (t) =
H

2
cos (kx− ωt) (34)

H is the wave height, k is the wave number and ωis the frequency of the wave.

The underlying principles of linear wave theory is (Cruz and Atcheson 2016):

• The free-surface and the body boundary conditions are linearised;

• The fluid is assumed incompressible and the flow is irrotational;

• Viscous effects like flow separation and shear stresses are not considered;

• The bottom is uniform and flat;
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3.9.3 Potential-flow theory

Potential theory models are suitable for large volume models. The floater is modelled as a three-
dimensional diffracting body. To calculate the wave loads on the body a panel method is used.
The use of at least 7-10 panels per wavelength is suggested. Potential flow panel models enables
investigation of diffraction and radiation forces. To include viscous damping and viscous forces
parts of Morison equation may be adopted. By assuming an equilibrium position for the floater
and a harmonic solution to the velocity potential the first-order-quantities can be derived.

Figure 28: Boundary conditions for the linearized potential flow problem (Borg and Bredmose
2015)

Φ(x, y, z) = Φw + Φd + Φr (35)

O
2

Φ = 0 (36)

Φ(x, y, z) is the velocity potential. Φw represents the incident wave field, Φd represents the dif-
fracted wave field and Φr represents the radiated wave field. The Laplace equation given in the
formula above is applied to establish the velocity potential and the surface pressure of the body.

The global force
−→
F and moment

−→
S contributions can be computed.

−→
F = ρw

∫ ∫
S

(
∂Φ

∂t
+ gz

)
−→n · dS (37)

−→
M = ρw

∫ ∫
S

(
∂Φ

∂t
+ gz

)
(−→r · −→n ) · dS (38)

Wetted surface of structure in equilibrium position is represented by S, g is acceleration due to
gravity, −→n is the body surface normal vector, z is the vertical coordinate from mean sea level and
−→r is the corresponding distance vector from coordinate system origin. To apply the results in
time-domain Cummins equation is used (Borg and Bredmose 2015).

3.9.4 Morison

Morison’s equation is valid for slender cylinders and is a function of the diameter, fluid particle
velocity and acceleration and the hydrodynamic drag and inertia coefficients CD and CM . The
coefficients are functions of Reynolds number, keulegan-Carpenter number and surface roughness.
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Hydrodynamic loads for slender structures can normally be modelled by using Morison formula
(T. Moan et al. 2019).

F =
1

2
ρDCdν |ν|+

1

4
ρD2Cma (39)

Which expresses the lateral force per unit length on a slender member with a diameter D and
particle velocities and accelerations of ν and a, respectively. Cd and Cm are drag and inertia
coefficients, ρ is the water density. To calculate the loads on large volume structures potential
theory, considering the incoming and diffracted wave pattern should be used. The hydrodynamic
loads on floating structures need to be estimated by. Both the first- and second-order wave loads
according to potential theory need to be considered, implying difference - and sum-frequency effects.
In the linear analysis, both the diffraction and radiation effects are addressed, which results in the
wave excitation forces and the added mass and the potential damping forces. Normally the viscous
effects are modelled as drag forces and added to the potential forces (T. Moan et al. 2019). Zhang
and Ishihara 2016 used an improved Morison equation to analyse a floating wind turbine.

Ramachandran et al. 2013 shows the typical ranges of natural periods for the different types of
floating foundations. (T. Moan et al. 2019) shows the indicative natural frequencies and natural
periods of ”rigid body motion modes” of FOWTs. They find that the first bending mode of the
tower coupled to a floating platform will be coupled to the platforms pitch and surge motions.
T. Moan et al. 2019 finds that the the lowest frequency of rotation no longer is the first bending
mode, but a rigid body pitch mode. They find that this pushes the first bending natural frequency
higher and may therefore require changes in the design in order to avoid the tower resonance being
excited by loads related to blade passing. They conclude that the drivetrain responses can be
determined in an uncoupled manner because the natural frequencies of the drivetrain between the
generator and rotor are much higher than the blade modes and rigid and flexible structure.

When applying Morison’s equation by the means of strip theory there are several limitations. By
using strip theory wave radiation damping is neglected. The wave loads include drag and an inertia
term. Other limitations to strip theory is listed below.

• Simplification of diffraction problem

• Some of the terms of the added mass matrix are disregarded

• Hydrodynamic interaction between bodies is neglected

• Mostly devoted to simple geometries such as cylinders

3.9.5 Wave spectrum

To calculate the motions of the floating wind turbine, irregular wave loads are considered. The
most common way to represent the sea state is by a wave spectrum. Typically Pierson-Moskowitz
spectrum and JONSWAP spectrum are applied (Jahangiri and Sun 2019). For computational
reasons spreading functions are ignored. It is assumed that waves travel in the same main direction.
The equation below is of the JONSWAP spectrum. Several versions of the equation can be found
in (Zuo et al. 2018), (Lemmer et al. 2020).

SJS (f) = α2H
2
STP

(
f

fP

)−5
e−1.25(f/fP )−4

· γβ (40)

Where f is wave frequency, TP is peak wave period and HS is significant wave height, fP = 1/TP ,
α2 and β given by the IEC 61400-3 (Ghassempour et al. 2019):

γ =


5 TP /

√
HS ≤ 3.6

e5.57−1.15TP /
√
HS 3.6 ≤ TP /

√
HS ≤ 5

1 TP /
√
HS ≥ 5

(41)
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Where the coefficients are calculated from the formulas below.

α2 = 0.0624
0.230+0.0336γ−0.185/(1.9+γ) ;

β = exp

[
− 0.5
δ2

(
f
fP
− 1
)2]

;

δ =

{
0.07 f ≤ fP
0.09 f > fP

(42)

The waves that are included are 1st and 2nd order. The second order waves are in some cases
included in potential wave theory models. Currents may also be of importance when modeling the
floater and mooring lines. However the associated forces are usually assumed to be negligible.

Tide level may be of importance as it may affect the mooring system. The tension in the mooring
lines may vary when using taut mooring. This is especially important for TLPs, but is often ignored
for the other mooring systems. Because the coupling between the turbine forces and floater motions
is strong the aerodynamic inflow conditions are influenced.

3.9.6 Wave frequency loads

The hydrodynamic loads can be divided into a viscous part and a non-viscous part. The linear
part is often limited to drag while the non-linear part includes Froude-Krylov and diffraction
terms. There are several theories that may be applied when modelling the loads on the floating
substructure, diffraction/radiation and strip theories being the most common. The analysis is
often done in time-domain, because it enables to capture the non-linear effects. Each part of the
submerged structure should be modelled properly to give a correct analysis.

3.9.7 Damping

In the analysis of a FOWT the damping of all relevant components should be included. The sum
of the individual components gives the total damping.

ζ = ζstruct + ζhydro + ζmooring + ζsoil + ζaero (43)

The damping is given as damping ratio ζ or logarithmic decrement δ.

ζ =
d

dcrit
=

d

2
√
cm

(44)

δ =
2πζ√
1− ζ2

≈ 2πζ (45)

The formulas are for a single DOF system. d is damping, dcrit is critical damping, c is stiffness
and m is mass.

3.9.8 Modelling Codes With Respect to Hydrodynamics

SESAM is a numberical tool for structural analysis of floating offshore turbine structures. It
consists several modules. Some of these include Riflex, SIMA and SIMO. Further description of
Sima and below.

SIMA is for efficient analysis of complex multi-body systems, inluding mooring analysis. Analysis
including coupled effect of waves, wind and current for structural analysis or mooring can be
performed. This combined effect must be taken into account. Some of the key benefits of Sima
software as listed on dnv:
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• Slender structure modelling of mooring lines.

• Choose between fully dynamic and simplified catenary model for mooring lines.

• Include any number of separate bodies in the simulation

• Hydrodynamic coefficients read in from HydroD.

• Time domain dynamic analysis with time series output of results.

• Regular or irregular waves with current, swell and wind.

• Static analysis and calculation of line forces/moments, curvature and displacements.

• 3D animation of vessel and line displacements.

• Data export to Sesam structural analysis modules for detailed finite element analysis of
floater.

To perform analysis of floating offshore wind turbines the software has been extended with new
features including:

• Wind load models.

• The wind turbine blades and tower can be flexible.

• Modelling of offshore wind turbine blades.

• Wind turbine modelling, including control system.

SIMO is for complex multi-body calculations. It can be used for all of the floating foundation
designs and includes flexible modelling of stations-keeping forces and connecting force mechan-
isms(anchor lines, ropes, thrusters, fenders, bumpers, docking guide piles). Riflex is a riser analysis
software. Modelling of Wind turbine drivetrain is however not included in any of the modules.
Other examples of common numerical tools are represented in figure 29 below. (DNV-GL 2019)

Figure 29: Example of numerical tools (DNV-GL 2019)
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Figure 30: Example of numerical tools(continued). (DNV-GL 2019)

SIMA (SIMO/RIFLEX) is a numerical tool developed by MARINTEK and licenced by DNV
GL. For large-volume hydrodynamic calculations SIMO-bodies are employed. A combination of
frequency-domain potential flow data and distributed Morison elements are used. RIFLEX com-
putes the structural response to all input loads using a finite element approach. 2nd order wave
loading is also included. Jiang et al. 2020 applied this software to analyse two spar type floating
foundations designed to support 10MW wind turbines.

3.9.9 Modeling of floater

As mentioned above there are three ways to model the floater.

• Rigid body models is acceptable if the structural deformations do not contribute significantly
to the global displacement of the FOWT. The floater is represented as a 6 DOF system. Flex-
ibility of the model is more important when performing second order wave force calculations.
This is especially valid when modelling TLPs as the system natural frequencies may be
influenced by the platform flexibility (Ramachandran et al. 2013).

• Modal models are normally used in combination with a multi-body model. This is to include
the contribution of mass, damping and restoring forces from hydro-elastic effects.

• Finite element and multi-body models are recommended if deformation of the floater is
important. Flexible models are important for slender structures. The whole floater may be
modelled as flexible or only parts in combination with one of the two other methods. An
example of this can be seen in one of the examples available in SIMPACK. The example is
a floating semi-submersible with three pontoons. The pontoons are modelled as rigid, while
the beams connecting the pipes are modelled as flexible.

The floater is often modelled as rigid, but there are also work in the literature where the floater
has been modelled as a flexible body (Lemmer et al. 2020). It is shown in (Zuo et al. 2018) that
the worst case is the misalignment of 90degrees between wind and wave because of the loss of
aerodynamic damping.

3.9.10 SIMPACK

The calculation of hydrodynamic loads is based on combination of 3-D linear potential flow theory
and Morison‘s equation. The HydroDyn force element is labled force element 244. It is a multi-force
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element, and integrates the software HydroDyn into Simpack.

The load includes contributions from linear hydrostatic restoring, non-linear viscous drag contri-
butions from Morison‘s equation, added mass damping contributions from linear wave radiation
and incident wave excitation from linear diffraction.

HydroDyn is a load calculation module that is used in SIMPACK. It is based on classical linear-
ization theory in hydrodynamics, and calculates the response of the FOWT and the force on the
mooring system in time-domain. To establish the hydrodynamic model using the potential flow
the Airy Wave theory is used. This implies that the nonlinear viscous damping is ignored.

When modeling a floating system, one may use potential-flow theory only, strip-theory (Morison)
only or a hybrid model containing both (NREL 2020). The floater may be modelled as either
rigid, which is suitable for floaters with small flexibility, modal or FEM beam. Modal and FEM is
suitable for slender floaters.

To include current loads HydroDyn it is required to use strip-theory only or a hybrid approach.
The reason is that current is not used in the potential-flow solution, but includes the loads using
strip- theory through drag terms. (NREL 2020).

A floating wind turbine has six degrees of freedom. There are three translational (surge, sway,
heave) and three rotational (roll, pitch, yaw) motions.

• Surge is translation along the longitudinal axis

• Sway is translation along the lateral axis

• Heave is translation along the vertical axis

• Roll is rotation about the longitudinal axis

• Pitch is rotation about the lateral axis

• Yaw is rotation about the vertical axis

These degrees of freedom are presented in the following figure.

Figure 31: DOFs of a floating wind turbine. (Ramachandran et al. 2013)
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3.10 Mooring System Modelling

Two alternatives exist when modelling mooring lines in a numerical analysis. These alternatives are
commonly known as quasi-static or dynamic modelling. Quasi-static analysis refers to a mooring
system which is modelled as linear or nonlinear springs. It is computationally efficient, but dynamic
effects are not considered (Azcona et al. 2017). Inertia, added mass or drag forces produced by
currents, waves or movement of lines is not included. These effects are considered in the dynamic
models, but comes at the cost of higher computational effort. There exist some studies which
compare the quasi-static model with the dynamic model. Some of these can be found in Azcona et
al. 2017. For a taut system, the restoring force from the line is related to elastic deformation of the
line and shows a linear behaviour. A catenary system gets restoring forces from the vertical-lift-off
of the mooring line from the seabed and has by definition a non-linear relationship between top
displacement and force. In a dynamic analysis the lines are modelled as slender elements, which
enables including the mass and drag forces acting along the length of the line. The Quasi-static
mooring line model is often sufficient for global analysis of the FOWT, but often underpredicts the
mooring line tensions. A dynamic mooring line model should therefore be chosen. The choice of
material can also influence the choice of chosen approach. (Borg and Bredmose 2015) discusses a
number of methods for modelling mooring lines and concludes that the best method when carrying
out design and optimizing beyond preliminary system sizing is dynamic mooring line models.
Dynamic effects are typically more important for catenary systems in deep waters. Mooring line
eigenmodes may occur, thus it is important that the damping is correctly represented in the
model. Azcona et al. 2017 also reviewed and tested the the two alternatives for three types of
floating platforms supporting a 5 MW wind turbine in water depth of 200m. For the dynamic
approach they used the OPASS dynamic model, which is a lumped mass model for non-linear
mooring dynamics. The model considers hydrodymanic added mass, gravity, wave kinematics,
inertia, hydrostatics, line-seabed contact and friction, axial elasticity, structural damping and
tangential and normal hydrodynamic drag. Descriptions and references to finding parameters,
drag coefficients and added mass for the three floating foundations based on the main parameters
of the floater are given in the work.

In the MBS approach the line is discretized into separate rigid or flexible bodies connected by
spring-damper elements. The hydrodynamic forces on each element are calculated using Morison‘s
equation.

When modelling mooring lines there are three options given in (Ramachandran et al. 2013) and
listed below.

• 1: linear spring, which is a suitable option for floater motion analysis for floater using taut
mooring;

• 2: non-linear spring, which is suitable for floater motion analysis for floater using caterary
mooring;

• 3: multibody/FEM bar, which is more complicated.

Option 1 and 2 is not suitable for mooring design, but the third option is suitable for design. When
using this option the FEM bar only has axial DOF. Fig 33 shows the mooring line topology with
3 mooring lines. Fig 32 shows the schematic diagram of the MBS mooring line model. The line
consists of rigid bodies, but may also be modelled as flexible.
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Figure 32: Schematic diagram of the MBS mooring line model (‘Offshore Wind Turbine Hydro-
dynamics Modeling in SIMPACK’ 2013), (Azcone et al. 2013)
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Figure 33: MBS mooring line topology (Azcone et al. 2013).

For further research on mooring systems the book ”Mooring system engineering for offshore struc-
tures” (Ma et al. 2019) chapter 2,4,5,8 and 15 should be studied. NREL‘s MoorDyn should also
be researched. Several other articles found in the literature review will also be further researched.

3.10.1 SSI Modelling for bottom-fixed foundations

Several articles have been published on work done to create models including SSI. There is a wide
range of approaches, simplifications and software used to simulate the structural dynamics, soil
and coupling between them. The Winkler method was first introduced. It uses p-y curves to model
the interaction.

Zuo et al. 2018 modelled the part of the tower in the soil by using beam elements. They adopted
non-linear soil springs to consider SSI. In this method, the lateral resistances of the soil against
the pile movements are expressed by springs parallel and perpendicular directions of the rotor
plane. t-z springs are applied vertically to simulate shaft friction, and a Q-z spring simulate the
end bearing capacity. The p-y springs were placed with 1 m spacing. See figure 34.
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Figure 34: SSI modelling of monopile in soil (Zuo et al. 2018)
.

(Fitzgerald and Basu 2016) created three-dimensional models of the wind turbine foundation which
were analysed in the finite element geotechnical code Plaxis. To describe the soil-structure interac-
tion they used rotational springs with spring constants calculated by analysing the bi-axial rotations
of the foundation. The authors used both dense sand and consolidated clay in their analysis and
compared the results to NREL‘s aero-elastic model FAST.

(Carswell et al. 2015) presents a method for converting hysteric energy loss into a viscous, rotational
mudline dashpot that represents OWT monopile foundation damping for a lumped parameter
model.

(Cao et al. 2020) analysed an offshore monopile wind turbine using a new finite element method.
The research discussed and compared the dynamic responses between the OWT model including
soil-structure interaction using both traditional p-y method and the new model. They found that
the traditional p-y method overestimates the displacements of the OWT under stochastic wave and
wind loads. The most unfavorable situation was the combination of 90 degrees wind-wave angle
and operating condition.

Most literature focuses on unidirectional response (fore-aft motion) mitigation while the real off-
shore wind turbines suffers from bi-directional vibration (fore-aft and side-side) due to wind-wave
misalignment (Sun and Jahangiri 2018). By simplifying the foundation model in the xz and yz
planes, the soil effects are considered and represented by rotational spring with coefficients kxφ
and kyφ and translational springs with coefficient kx and ky. By introducing translational and
rotational dampers with coefficients cx, cy, cxφ and cyφ the soil´s damping property is considered
(Sun and Jahangiri 2018). This is represented in figure 35. q9, q10, q11, q12 denote the translation
and rotation coordinates of the foundation.

Figure 35: Simplified foundation model of offshore monopile wind turbine in xz and xy planes
(Sun and Jahangiri 2018)

.

(Sun and Jahangiri 2018) used this method to analyse NREL 5MW OC3 monopile wind turbine
and calculated the soil effect parameters using linear springs and dash-pots. To represent clay
soil conditions the value of parameters kx,ky,kxφ were obtained as kx=ky=3.89E9 N/m, kxφ=kyφ
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= 1.14E11 Nm/rad. The damping properties cx, cy, cxφ and cyφ were selected such that the
corresponding damping ratio was 0.6 (Sun and Jahangiri 2018) based on (Carswell et al. 2015).
(Xie et al. 2020) also used this method in their work.

(Carswell et al. 2015) gives an overview of work done on including soil effects in the analysis of
offshore monopile turbines. Different methods and soil parameters are included. The work includes
instruction on how to calculate parameters for foundation damping and stiffness using a lumped
parameter foundation model.

(Gonzalez 2016) also modelled fixed foundation offshore wind turbines and presents a thorough
review of theory and methods for modelling. The monopile is modelled by using lumped mass
model, which simplifies the soil-structure interaction by a series of springs and dampers. See figure
below.

Figure 36: Continuous vs. Discrete modeling of soil. (Gonzalez 2016)

3.10.2 Soil Properties

There are several ways to represent the soil in the model. Simplifications are often used as the soil
layering can be complex resulting in complex modeling. The soil is often defined in layers, with
varying properties. These properties may be of interest if the soil has ads damping to the structure
subjected to environmental loads. This impact will also be discussed for FOWT anchoring systems.
For the North Sea, a simplified, but representative offshore soil profile is represented in figure 37.

Figure 37: Representative North Sea offshore soil profile. (Carswell et al. 2015)
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3.10.3 Soil-Structure Interaction

This section briefly presents some methods for modelling Soil-structure interaction(SSI) in case of
fixed foundations. Parameters for characterizing the soil are discussed, and literature for further
investigation is presented. Variations of floating foundations are briefly presented, followed by an
introduction of the mooring system components and design variations. Modelling of the mooring
system including SSI is then presented.

When a structure is in contact with the ground the displacement of the ground and structure
are not independent of each other. The process by which the response of the underlying soil and
the structural response affects each other is known as Soil-Structure Interaction (SSI) (Fitzgerald
and Basu 2016). Traditionally, the wind turbine foundations were often modelled as fully fixed.
With this simplification SSI is not considered. This may result in inaccurate modal parameters
when analysing the system. Accounting for a flexible soil-foundation system can have the effect of
reducing a wind turbines fundamental natural frequency and introduces a considerable amount of
damping to the system (Veletsos AS. and Verbic 1973). (Xie et al. 2020) also emphasises the im-
portance of considering the effect of soil-structure interaction due to the reasons mentioned above.
Several methods for analysing the soil-pile interaction are available, among these are analytical lin-
ear, viscoelastic continuum models, linear Winkler type medium models and finite-element models
(Banerjee et al. 2019). Offshore wind turbines (OWT) are today mainly been placed on fixed
foundations, which can be seen in 5. Designing the foundation correctly, including all components
and environmental loads has proved difficult. Inclusion of SSI is also important for operation of
the OWT because of the blade passing. The blade passing will be further discussed later in this
chapter. For floating offshore wind turbines (FOWT), the importance varies depending on the
chosen mooring system. For catenary mooring the damping caused by the SSI is negliable, but
for taut mooring used in mooring systems for TLPs the SSI can affect the global stiffness and
damping.

3.10.4 Seabed Modelling

The interaction between the seabed and catenary system may be modelled as vertical seabed
stiffness and lateral friction. To represent the seabed interaction effect in a mooring line being
cyclically lifted on and off the seabed a non-linear analysis is needed. Soil information is used
to decide the seabed stiffness and friction coefficients (Ramachandran et al. 2013). elasticity of
the mooring line may be influenced by the horizontal friction model, thus an incorrect friction
model may result in low line tensions. When modelling the mooring system the anchor is often
modelled as a fixed point. According to cite (DNV-GL 2019) this is often sufficient, however it is
insufficient for taut mooring systems or a TLP as the soil may contribute to significant damping.
The cable-seabed contact is modelled as seen in fig 38

Figure 38: Cable-seabed contact model (Azcone et al. 2013).
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3.10.5 SSI Modelling

There are multiple ways soil-structure interactions can be modelled in a fully coupled multi-body
simulation. The soil-structure interactions were often ignored when modeling both land-based and
offshore wind turbines. Work done by (Zuo et al. 2018) showed the importance of including SSI in
the modeling because of the effect the interaction has on the structure. (Carswell et al. 2015) showed
that by including SSI in the full-body model the total damping and natural frequencies given by
the simulation were different from the previous models, which gave a greater understanding of the
design problem and solution. Researchers have different approaches when including the SSI in their
work. Previous works that include SSI show that there are many factors that needs to be taken
into consideration. Often there are simplifications which results in inaccurate results. (Gonzalez
2016) showed that by considering the soil to be in different layers with different characteristics
instead of treating the soil as a uniform layer, the damping changed. (Xie et al. 2020) created a
full-body model of a offshore wind turbine with monopile foundation with inclusion of SSI. The
SSI was then included in the model as a rotational spring-damper system which are represented
in figure 39

Figure 39: Simplified pile-soil interaction. (Xie et al. 2020)

3.10.6 0-Degrees of Freedom

The simplest way is to assume that the structure is fixed and therefore has 0 degrees of freedom.
This method is a good starting point for any analysis but it has been shown that flexible soil
can affect the dynamic response of the wind turbine. For example, the presence of flexible soil
underneath the foundation of a structure increases the damping capacity of the foundation and
reduces the structure’s natural frequency (Veletsos AS. and Verbic 1973).

3.10.7 Multi-Degree of Freedom

Most commercial aerodynamic tools simplify the modelling of SSI by using six degrees of freedom
at the base of the tower base for each vibrational mode combined with 6x6 stiffness and damping
matrices. This approach is sufficient for a homogeneous elastic half space, but unsatisfactory for
a layered soil. Some work related to inclusion of soil in modelling can be seen in (R. Nejad et al.
2018), (Damgaard et al. 2014), (Taddei et al. 2017), (Zuo et al. 2018). The articles include lumped
mass models and modelling by conventional p-y, Q-z and t-z springs. (Wu and Lee 2002) gives a
thorough introduction to lumped mass models, and may be studied further.
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4 Standards

A standardization body is defined as an organization that in some way produces technical standards
to address the needs of the industry. Some examples of international standards organizations are
International Electrotechnical Commision (IEC) and the International Organization for Standard-
ization (ISO). The are also non-governmental organizations that establish and maintain technical
standards for offshore structures. There are also regional standardization organizations such as
European Committee for Standardization(CEN) and national standardization organizations such
as Norsk Elektroteknisk Komite (NEK) in Norway, Bundesamt für Seeschifffahrt und Hydrograpie
(BSH) in Germany and American Bureau of Shipping (ABS). ISO is a non-governmental inter-
national organization which provides more than 23 000 international standards (DNV-GL 2020).
None of these standards are specific for wind turbines, but cover almost all aspects of manufac-
turing and technology. The IEC provides international standards for all electrical and electronic
industries. A set of standards for wind turbines are included in the IEC 61400 - series. The BSH is
responsible for testing and approval of power generating systems (offshore wind turbines), cables
and other systems. The American Bureau for Shipping has three offshore specific documents:

• ABS Guide for Building and Classing Bottom-Founded Offshore Wind Turbine Installations.

• Guidance Notes on Global Performance Analysis for Floating Offshore Wind Turbine Install-
ations.

• ABS Guide for Building and Classing Floating Offshore Wind Turbine Installations.

There are also Classification societies such as Bureau Veritas (BV), DNV and ClassNK (Nippon
Kaiji Kyokai). BV and ClassNK has one specific document each for floating offshore wind: NI572
Classification and certification of floating offshore wind turbines and Guideline for Offshore Float-
ing Wind Turbine Structures. DNV has the most extensive set of recommended practices and
standards covering all assets in a wind power plant, including cables, turbines, offshore substations
and bottom-fixed and floating support structures (DNV-GL 2020). An extensive list of relevant
standards and guidance documents for bottom-fixed wind power plants can be seen in Appendix
A.

4.1 Standards for Floating Wind Power Plants

The first standards for FOWTs were released between 2010-2013. In 2019 a technical specification
was issued by the IEC. An overview of specific standards developed for FOWTs is seen in figure
below.

Figure 40: Overview of floating wind standards (DNV-GL 2020)
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The standards contains contains various technical requirements. The BV standard includes re-
commendations for certification and classification and technical requirements. It was first issued
October 2015, but was revised and re-issued in the beginning of 2019 including guidance on mech-
anical components. The guidance note covers floating platforms supporting any number of both
vertical or horizontal axis turbines. However, it does not cover the blades, nacelle, rotor or tower
design. The ClassNK guideline covers requirements for mooring, equipment, machinery installa-
tions, electrical installations, structural design and welding, loads, material, stability and external
conditions including the tower. The technical specification IEC 61400-3-2 developed by the IEC
was issued in 2019. It specifies design requirements for ensuring the engineering integrity of floating
offshore wind turbines and requirements for assessment of the conditions at the FOWTs site. The
purpose of the specification is to provide a level of protection against damage from all hazards
during the FOWTs lifetime.

4.2 ABS

There are a number of environmental factors to be considered. Some of these include; wind, waves,
currents, tides, air and sea temperatures, air density and seismic (American-Bureau-of-Shipping
2020). The wind conditions a wind turbine has to be designed for can be categorized into three
conditions. Listed below (American-Bureau-of-Shipping 2020).

• The extreme wind conditions representing rare wind conditions with a given return point.

• The normal wind conditions, which occur more frequently than once per year.

• The survival wind conditions having a very low probability of being exceeded during the
design life of the Floating Offshore Wind Turbine.

Further details are found in (American-Bureau-of-Shipping 2020).

For waves data needs to developed in order to determine the dynamic responses of the Floating
Support Structure and stationkeeping system, fatigue, Wave impact of the structure and maximum
responses of stationkeeping and structure system components. The design conditions are found
in (American-Bureau-of-Shipping 2020) 4-3/3 through 4-3/9. Standards for loads are found in
chapter 5. When considering wave loads TLP-type floating substructures the high-frequency wave
loads has to be considered. This is because the waves may excite the structure at its natural periods
in pitch, heave and roll. For other floating substructures the mean and oscillatory frequency drift
forces may be determined using hydrodynamic computer programs (American-Bureau-of-Shipping
2020). Morrison´s equation may be used for slender structures where the diameter is less than 20
percent of the wave lengths. A combination of diffraction and Morrison´s equation can be used to
calculate loading and characteristics from waves. To calculate the current force on a submerged
structure the drag force is calculated by the following equation:

Fcurrent =
1

2
ρCDAcurrentuc |uc| (46)

where

• Fcurrent = current force in N

• ρ = mass density of water, kg/m3

• CD = drag coefficient in steady flow

• Acurrent = projected area exposed to current in m2

• uc = current velocity vector normal to the plane of projected area, in m/s
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4.3 DNV

The standard DNVGL-ST-0376 is the standard for rotor blades for wind turbines. It contains rules
for design, materials, full scale blade testing, manufacturing, transport and installation, in-service
inspections and maintenance, repair of manufacturing non-conformities and repair of in-service
damages.

The DNVGL-ST-0119 has worldwide application. It is primarily concerned with the design of the
main floater types and their moorings. It provides principles, technical requirements and guidance
for design, construction and in-service inspection.

4.4 IEC 61400 series

The IEC 61400 is a series of standards which are to be followed. IEC 61400-1 is for wind energy gen-
eration systems. IEC 61400-3-1:2019 outlines the minimum design requirements for fixed offshore
wind turbines. IEC TS 61400-3-2: Design requirements for floating wind turbines specifies essen-
tial design requirements to ensure the engineering integrity of floating offshore wind turbines and
specifies additional requirements for analysing external conditions at a FOWT site. The document
generally covers alternative floating platforms intended to support wind turbines and ship-shaped
structures and barges, semi-submersibles, spar buoys and tension-leg platform. The document is
applicable to unmanned floating structures with one single horizontal axis turbine. For vertical-
axis wind turbines, combined wind/wave energy systems or multi-turbine units on a single floating
substructure additional considerations are needed. The IEC 61400-5:2020 includes specifications
to wind turbine blades. It include requirements for aerodynamic and structural design, material
selection, evaluation and testing, manufacturing and transportation, installation, operation and
maintenance of the blades.

42



5 Development Trend

There is a lot of research and development in the field of modelling and design of floating offshore
wind turbines. This includes design methods, recommendations and software for multi-body simu-
lation. The importance of modelling of coupled effects from wind, waves and current has produced
several new software packages and extensions to current software.

There are currently more than 40 floating wind concepts under development. At the same time
new concepts are frequently being announced. Some of these concepts challenge the leading con-
cepts on factors as fabrication approach and mass while others are developing combined wind/wave
systems or using multiple wind turbines on one floating support structure. There is also significant
development in the mooring system. New materials and methods are proposed such as shared
mooring, load reduction systems and synthetic ropes. These developments will enable floating
wind levelised cost of energy(LCOE) to drop. It is estimated that the LCOE will be below 100
USD/MWh by 2025 and 40 USD/MWh by 2050 (DNV 2022a). Because the cost of materials is
such a big part of the total cost of a wind turbine new designs using other materials are being
developed. This will drive down costs and require new installation methods, standards and op-
erating requirements. There are three main cost components that will contribute to lower costs.
These are turbine costs, foundation cost and operational costs. Currently the operational cost is
five times higher for floating wind compared to bottom fixed but an increase in turbine size and
number of turbines will contribute to lower operational costs.

There is also constant development in the regulatory framework as new design concepts, materials,
and tools are developed. We see that DNV is constantly revising their standards and pushing
towards improved safety and operability. IEC 61400-3-2: Design requirements for floating wind
turbines is also currently being worked on and the forecast publication date is 23-08-26. The doc-
ument generally covers other floating platforms intended to support wind turbines. The document
is applicable to unmanned floating structures with one single horizontal axis turbine. For vertical-
axis wind turbines, combined wind/wave energy systems or multi-turbine units on a single floating
substructure additional considerations are needed.
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6 Discussion

With the transition towards renewable energy the offshore wind market will see huge growth.
The different sectors within the industry will see many new developments and new standards are
needed. As the program codes improve further designs can be developed. The MBS approach gives
the opportunity to create a fully coupled multi body model. In SIMPACK the creation of such a
model for a floating wind turbine including blades, tower, drivetrain, support structure, mooring
lines, anchors and soil-structure interactions is challenging. These models are computationally de-
manding, and research suggest that simplifications can be implemented. Two of these implications
are not including the drivetrain and simplifying the stationkeeping system. Applying this approach
will greatly reduce the time and computational power needed for simulations and will in turn give
the opportunity for faster iterations in the design stage. The model and simulation will also be less
prone to errors. An example of software is the DNV software packages for OWTs. Here the floater
substructure is modelled in Sesam and the hydrodynamic properties are determined. The coupled
analysis of the complete system of wind turbine and floater is done in Bladed. The results from
the coupled analysis can then be used in Sima for mooring and cable design, Sesam for analysis
of the substructure and Bladed is used for the turbine design. The figure shows the design stages
and software.

Figure 41: Workflow for floating offshore wind (DNV 2022b)
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7 Conclusion

The wind energy is the fastest growing renewable energy sector. With the increasing focus on clean
energy and current situation the world and Europe find themselves in, with growing inflation, higher
gas and fuel prices, the shift towards sustainable energy been accelerated. There are increasing
actors coming in to the field and focus on research to create better tools, regulatory framework,
materials and make the production more efficient. Because of the high number of innovations
and design solutions the computer aided design programs continues to see progress. We will see
new solutions and improvement upon the existing ones. For modeling and simulation i propose
to follow the DNV recommendations for modeling of offshore wind turbines. Because the offshore
wind turbine farm design is so multidisciplinary an effort should be invested into understanding the
theory and regulatory framework. For modeling and simulation of larger wind turbines one should
use tools which enables fully coupled multi body simulation with aero-and hydrodynamic loads.
The researched papers are divided on this issue. Some conclude that the drivetrain does not have
to be taking into account, but as the rotation speed declines there might occur natural frequencies
and modal modes where the design in insufficient. This may occur because of the influence of direct
drive generators, anchor lines or motion of the floating support structure. For correct design and
scaling formulas the regulatory framework by DNV and IEC61400 series should be followed. The
current software models show that the impact of the drivetrain is small compared to other forces.
The importance of detailed mooring system modeling is greater when using tension-leg floaters.
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8 Further work

To gain deeper knowledge of the subject the next step i would suggest implementing the DNV
software package and SIMPACK to model a floating offshore wind turbine. Several models could
be created with changing simplifications. The models created in SIMPACK could be with simpli-
fied anchoring system, one model without the detailed modeling of the drivetrain and one model
modeling all details. The DNV software package could also be implemented to have another ref-
erence point and the models could be compared. To further investigate the software and effect
of simplifications several types of floating substructures could be modelled as the mooring system
influences the different substructures differently. I believe that the comparison between tension-leg
substructures and spar would show the biggest differences as the soil-structure interaction is of
greater importance.
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9 Appendix

9.1 Appendix A

Figure 42: Wind turbine relevant standards and other guidance documents, bottom-fixed (DNV-
GL 2020)
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Figure 43: Wind turbine relevant standards and other guidance documents, bottom-fixed (contin-
ued) (DNV-GL 2020)
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Figure 44: Wind turbine relevant standards and other guidance documents, bottom-fixed (contin-
ued) (DNV-GL 2020)

Figure 45: Offshore substation relevant standards and other guidance documents (DNV-GL 2020)
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Figure 46: Offshore substation relevant standards and other guidance documents (continued)
(DNV-GL 2020)
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Figure 47: Offshore substation relevant standards and other guidance documents (continued)
(DNV-GL 2020)
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Figure 48: Offshore substation relevant standards and other guidance documents (continued)
(DNV-GL 2020)
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Figure 49: Offshore substation relevant standards and other guidance documents (continued)
(DNV-GL 2020)

Figure 50: Power cables relevant standards and other guidance documents (DNV-GL 2020)
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Figure 51: Power cables relevant standards and other guidance documents (continued) (DNV-GL
2020)
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